The dynamical behavior of magnetization for ferromagnets (FM) can be described by the Landau-Lifshitz-Gilbert (LLG) equation 1, 2 :
where µ 0 is the vacuum permeability, m = M/M s is the reduced magnetization unit vector, H eff is the effective magnetic field, γ is the gyromagnetic ratio, and α is the Gilbert damping parameter. The LLG equation can be equivalently formulated, for small-angle motion, in terms of a single complex effective field term 3 along the equilibrium direction, as H ef f = H ef f − iαω/|γ|; damping torque is included in the imaginary part ofH ef f . For all novel spin-transport related terms to the LLG identified so far [4] [5] [6] [7] [8] [9] [10] , each real (conservative)
effective field term is mirrored by an imaginary (dissipative) counterpart. In spin-transfer torque, there exist both conventional 4 (Slonczewski) and field-like 11 terms in the dynamics.
In spin-orbit torques (spin Hall 6, 7 and Rashba 8,9 effect) dampinglike and fieldlike components have been theoretically predicted 12 and most terms have been experimentally identified [7] [8] [9] .
For pumped spin current 10 , theory predicts real and imaginary spin mixing conductances 13 g ↑↓ r and g ↑↓ i which introduce imaginary and real effective fields, respectively. It is well known that the exchange interaction, responsible for ferromagnetism, contributes a real effective field (fieldlike torque) proportional to k 2 in spin waves 14, 15 . It is then natural to ask whether a corresponding imaginary effective field term might exist, contributing a dampinglike torque to spin waves. Remarkably, this is a question which has not been addressed in prior experiments. Previous studies of ferromagnetic resonance (FMR) linewidth of spin waves [16] [17] [18] [19] [20] were typically operated at fixed frequency, not allowing separation of intrinsic (Gilbert) and extrinsic linewidths. Experiments have been carried out on thick model 22, 23 , discretized elements of a continuous FM layer, precessing out of phase as in a k = 0 spin wave, take the place of separate FM layers. The analogous Gilbert damping enhancement of the spin wave is predicted to be quadratic in the wavenumber k, as
where A k is defined as the spin diffusion coefficient and the transverse spin conductivity, σ ⊥ , is the continuum counterpart of the interfacial spin mixing conductance g ↑↓ .
In this Manuscript, we present a study of wavenumber-dependent Gilbert damping of three different metallic ferromagnets using perpendicular standing spin wave resonance (PSSWR). PSSWR measurements at variable frequency make it possible to separate intrinsic (Gilbert) damping α of a given spin wave from extrinsic contributions to linewidth.
Further advantages of PSSWR measurements for the isolation of k-dependent α include its excitation of a well-defined wavenumber k, its absence of two-magnon scattering contributions to linewidth 29 , and sub-nm control over spin wave boundary profiles in the thickness direction. In our measurements, we have characterized the Gilbert damping α as a function of thickness (t) for the uniform mode (α u ) and the first spin wave resonance (SWR) mode (α s ). We find a k 2 -dependent increased damping ∆α = α u − α s for small thicknesses, as predicted by the intralayer spin pumping theory 22, 23 . (Fig. 1a,b) . The uniform and SWR modes can be excited selectively for H B near different resonance fields. The resonance fields for the two modes are separated by the exchange field H ex through the Kittel relation:
where H res is the resonance field, M ef f is the effective magnetization and |γ|/2π = g ef f /2 · 27.99 GHz/T. The exchange splitting is given by linewidth is very large. This is due to eddy current damping 21, 33, 34 which contributes an additional Gilbert-like damping term proportional to the conductivity and t 2 . The SWR mode linewidth has a much smaller eddy-current contribution 19, 20 , which we neglect in our analysis. As the film thickness decreases (t = 75 nm, Fig. 2c ), the difference of the two slopes of ∆H 1/2 as a function of frequency f also decreases. At t = 40 nm (Fig. 2b) , below which eddy current damping is negligible in the films 34 (see solid line, Fig. 2e ), the frequencydependent linewidths of the two modes become nearly equal. As the thickness drops further (t = 25 nm, Fig. 2a ), the linewidths of the SWR mode surpass the values in the uniform mode, particularly for higher frequency. This effect is unrelated to eddy current damping, which is negligible at these thicknesses and has the opposite sign. Another mechanism dominates the Gilbert damping of the p = 1 mode when t is small.
The Gilbert damping coefficients α u and α s were extracted through ∆H 1/2 = ∆H 0 + 2αω/|γ| where ∆H 0 is the inhomogeneous broadening. In the uniform modes, taking α and ∆H 0 as fitting parameters yields an average ∆H 0 = 3.7, 1.3 and 2.1 Oe for Py, Co and CoFeB, respectively (Fig. 2e inset, top) . The small inhomogeneous broadenings are consistent with negligible large-scale lateral inhomogeneities in the films. In the SWR modes, the lowest frequency attainable from Eq. (2) is close to γH ex /2π, proportional to 1/t 2 . For the thinnest film in Py, t = 25 nm, the SWR frequency range is 18-26 GHz (Fig. 2a) . In this case we fix ∆H 0 from the uniform mode data. It should be noted that α s could be overestimated by this method if a larger inhomogeneous broadening is present for the SWR, but this does not appear to be the case. An inhomogeneous broadening in SWR modes can be induced by having a small thickness variation in the films [18] [19] [20] , proportional to 1/t 2 ·(δt/t) where δt is the thickness variation. We exclude this mechanism by plotting ∆H 0 of the SWR mode ( Fig. 2e inset, bottom) and finding no 1/t 2 dependence (fixed δt/t) or 1/t 3 dependence (fixed δt). The larger variance of ∆H 0 in Co from Py and CoFeB at small thickness is due to its larger exchange splitting (Fig. 3b) and thus smaller frequency range for α s fit than Py and CoFeB with the same thickness. As expected from eddy current damping, α u varies quadratically over t as α u = α u0 + α E where α u0 is the intrinsic Gilbert damping coefficient and α E is estimated by the Lock equation 33 ,
where ρ c is the electrical resistivity. For Py, Co and CoFeB, the fitted α u0 =0.0073, 0.007 and 0.0051; the extracted resistivities are 16.7, 26.4 and 36.4 µΩ·cm, respectively, in the same order of the reported values by four-point measurements [35] [36] [37] . We note that α E is very small for t F < 75 nm in all cases. For the SWR modes the damping α s in Py (Fig. 2e ) first decreases with decreasing t over 150 nm < t < 200 nm, then increases sharply over 25 nm < t < 75 nm. A similarly strong enhancement of α s is observed in Co (Fig. 2f) . In CoFeB fluctuation of α u makes the trend less obvious in Fig. 2(g ), but it is clear in the difference α s − α u (Fig. 3a) . The data show that the enhanced damping exists only in the SWR mode and increases rapidly at small thicknesses.
To investigate whether an imaginary effective field (damping) term exists in parallel with the real effective field (field-like) due to exchange, we plot ∆α k = α s − α u + α E (Fig. 3a) as a function of 1/t 2 , proportional to k 2 , side-by-side with the resonance field splitting µ 0 H ex (Fig. 3b) . The difference ∆α k excludes the eddy current effect. A linear dependence of ∆α k on 1/t 2 mirrors the linear dependence of µ 0 H ex on 1/t 2 , both showing a k 2 dependence of effective fields (imaginary and real, respectively). CoFeB 200nm has a large errorbar due to its small exchange splitting and is excluded from the fitting of slope. The data of ∆α k are fitted to a k 2 dependent formula:
where the slope A k is in the unit of nm 2 and ∆α 0 is a constant offset. In Fig. 3(a) , the fitted In a previous demonstration of a novel magneto-optical technique, Nembach et al. 41 inferred an enhanced in-plane spin wave damping in Py nanomagnets from the damping of edge modes. Applying the above theory, they estimate σ ⊥ = 5.8 ×10 −24 kg·m/s in Py, about 10 times larger than our measurement by PSSWR. We plot this estimate for comparison in Fig. 3(a) . Note that in Ref. 41 , the (two-dimensional) mode profile was known only through numerical simulation, sensitive to edge roughness; and in-plane linewidths could include two-magnon contributions. In the PSSWR data presented here, the (one-dimensional) mode profile is well defined, two-magnon effects are absent 29 , and we can extract the functional term of α(k).
The spin relaxation time τ sr and the corresponding spin relaxation length λ sr are evaluated from the relation σ ⊥ =h 2 n e τ sr /4m * for the transverse spin conductivity 22, 41 , where n e is the conduction electron density, m * is the effective mass of electrons, and λ sr = v F τ sr with v F the Fermi velocity. In the calculation we use the free electron mass for m * and n e = k The observed short length scale and small contribution to wavenumber-dependent damping is fully consistent with the proposed mechanism of transverse spin current relaxation in intralayer spin pumping 23 . The transverse spin currents, proportional to magnetization gradient as −m × ∂ i ∂ t m (Fig. 3a inset) , relax by losing coherence of spin-up and spin-down components and decay quickly in ferromagnetic conductors; longitudinal spin currents relax by a much slower spin-flip process. In PSSWR modes, a longitudinal spin current contribution to damping might also exist according to theory 24 , proportional to −∂ t m × ∂ i m.
However, comparing the longitudinal spin current to the transverse term, the former is in the order of θ 2 and the latter ∼ θ, where θ is the precession cone angle. In our experiment θ is less than 10 −3 rad and the longitudinal spin current can be ignored. Thus we conclude that the k-dependent Gilbert damping enhancement is most consistent with transverse spin current relaxation.
There exists, in addition to the k 2 -dependent term, a k-independent offset between the damping of the uniform mode and the spin wave. The offset values ∆α 0 in Eq. We attribute the offset ∆α 0 to resistivity-like intrinsic damping 49 : becauseṁ is averaged through the whole film for uniform modes and has a node at the center for SWR modes (Fig. 1a) , the SWR mode experiences a lower resistivity near low-resistivity Cu and thus a reduced value of α. The ordinal values of ∆α 0 , increasing from Co (negligible) to Py to CoFeB, are consistent with this mechanism.
In summary we have experimentally identified a new term to the LLG equation, understood as an imaginary effective-field counterpart to the real effective field from exchange. We find an enhancement of Gilbert damping α proportional to k 2 in three metallic ferromagnets widely used in spin electronics. The enhancement is in reasonable quantitative agreement with the predicted intralayer spin pumping effect, consistent with transverse spin coherence lengths measured independently. The new behavior identified will be essential for optimizing the GHz response of nanoscale, confined-geometry spin electronic elements.
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